Multiple myeloma (MM) is a plasma cell neoplasm that results from clonal expansion of an Ig-secreting terminally differentiated B cell. Advanced MM is characterized by tissue damage that involves bone, kidney, and other organs and is typically associated with recurrent genetic abnormalities. IL-6 signaling via the IL-6 signal transducer GP130 has been implicated as an important driver of MM pathogenesis. Here, we demonstrated that ectopic expression of constitutively active GP130 (L-GP130) in a murine retroviral transduction-transplantation model induces rapid MM development of high penetrance. L-GP130-expressing mice recapitulated all of the characteristics of human disease, including monoclonal gammopathy, BM infiltration with lytic bone lesions, and protein deposition in the kidney. Moreover, the disease was easily transplantable and allowed different therapeutic options to be evaluated in vitro and in vivo. Using this model, we determined that GP130 signaling collaborated with MYC to induce MM and was responsible and sufficient for directing the plasma cell phenotype. Accordingly, we identified Myc aberrations in the L-GP130 MM model. Evaluation of human MM samples revealed recurrent activation of STAT3, a downstream target of GP130 signaling. Together, our results indicate that deregulated GP130 activity contributes to MM pathogenesis and that pathways downstream of GP130 activity have potential as therapeutic targets in MM.
Introduction
Multiple myeloma (MM; also referred to as plasma cell myeloma) is a B-lineage cancer characterized by the expansion of malignant plasma cells predominantly within the BM. Clinical characteristics of the disease consist of osteolytic bone destruction, cytopenia caused by BM infiltration, and nephropathy. Despite the introduction of highdose chemotherapy followed by hematopoietic stem cell transplantation (SCT), and, more recently, immunomodulatory drugs and proteasome inhibitors, the disease remains incurable (1) (2) (3) .
Extensive research has revealed numerous genetic events contributing to the pathogenesis of MM. IgH translocations position an oncogene under control of an IgH enhancer, most frequently involving CCND1, MAF, or FGFR3. Nearly half of all MM tumors are hyperdiploid, with various chromosomes involved. Hyperdiploid MM has a primary IgH translocation in about 10% of cases, whereas nonhyperdiploid MM has an IgH translocation in approximately 70%. Additional oncogenic events in MM pathogenesis involve chromosome 13 deletions, activating mutations of RAS or B-RAF, mutations activating NF-κB, chromosome 17p loss and abnormalities of TP53, chromosome 1 aberrations, and MYC deregulation. MYC amplifications and translocations seem to be responsible for progression and are strongly associated with poor prognosis (4) (5) (6) (7) .
Among the best-described signal transduction pathway implicated in MM cell growth and survival is the IL-6/JAK/STAT pathway. IL-6 binds to the specific IL-6 receptor (IL-6R), and this complex associates with 2 molecules of the ubiquitously expressed GP130. This complex formation induces activation of the JAK and STAT molecules. Subsequently, STATs are released from the receptor, homo-or heterodimerize, translocate to the nucleus, and induce transcription of the respective target genes (8) (9) (10) . High amounts of IL-6 are secreted by BM stromal cells in a paracrine manner, and -to a lesser extent -by MM cells themselves in an autocrine fashion. Blocking IL-6 or IL-6R or inhibiting JAK/STAT3 results in growth arrest and apoptosis of MM cells. However, there is also evidence that IL-6 signaling might be dispensable for MM cell survival in the context of BM stromal cells (6, (11) (12) (13) (14) (15) .
Efforts to generate mouse models of MM have led to various genetically defined models. However, these are characterized by rather low penetrance and/or late disease onset. Il6 transgenic Balb/C mice develop MM with a penetrance of 40% at 12 months.
Multiple myeloma (MM) is a plasma cell neoplasm that results from clonal expansion of an Ig-secreting terminally differentiated B cell. Advanced MM is characterized by tissue damage that involves bone, kidney, and other organs and is typically associated with recurrent genetic abnormalities. IL-6 signaling via the IL-6 signal transducer GP130 has been implicated as an important driver of MM pathogenesis. Here, we demonstrated that ectopic expression of constitutively active GP130 (L-GP130) in a murine retroviral transduction-transplantation model induces rapid MM development of high penetrance. L-GP130-expressing mice recapitulated all of the characteristics of human disease, including monoclonal gammopathy, BM infiltration with lytic bone lesions, and protein deposition in the kidney. Moreover, the disease was easily transplantable and allowed different therapeutic options to be evaluated in vitro and in vivo. Using this model, we determined that GP130 signaling collaborated with MYC to induce MM and was responsible and sufficient for directing the plasma cell phenotype. Accordingly, we identified Myc aberrations in the L-GP130 MM model. Evaluation of human MM samples revealed recurrent activation of STAT3, a downstream target of GP130 signaling. Together, our results indicate that deregulated GP130 activity contributes to MM pathogenesis and that pathways downstream of GP130 activity have potential as therapeutic targets in MM.
GP130 activation induces myeloma and collaborates with MYC (20) showing an activated STAT3 pathway signature ( Figure 1F ). Similar results were obtained when analyzing a second dataset (ref. 21 and Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI69094DS1). Gene set enrichment analysis (GSEA) showed a significantly different distribution of the STAT3 activation-associated genes among the hierarchical clustering-defined gene expression groups (normalized enrichment score [NES], -1.97; nominal P < 0.001; Figure 1G ). In addition, mining the public repository Oncomine (www.oncomine. org) showed that STAT3 target genes were elevated in MM versus control tissue (Supplemental Figure 1B) . Furthermore, we found the STAT3 signaling gene expression pattern to be associated with low bone disease, the MMSET groups, and the presence of a gain of the 1q21 locus, whereas we identified an inverse correlation with hyperdiploid disease (Supplemental Figure 1 , C-E). Thus, STAT3 phosphorylation and target gene activation seems to be a major hallmark of a large subgroup of human MM. Constitutive GP130 signaling induces myeloma formation in a murine BM transduction-transplantation model. To test whether constitutive activation of GP130 signaling enables B cells to proliferate independently of cytokine stimulation, the IL-3-dependent Analysis of the malignant plasma cells revealed a t(12;15) translocation involving c-Myc (16) . While Eμ-Myc transgenic mice (in which MYC expression is under control of the Eμ enhancer) develop aggressive pro-/pre-B cell lymphomas early in life (17) , activationinduced deaminase-dependent expression of MYC in germinal center B cells leads to a high incidence of MM with a median survival of approximately 2 years (4). Transgenic mice expressing abnormally high levels of XBP-1, a protein involved in the terminal differentiation of B cells, develop monoclonal gammopathy of undetermined significance (MGUS), and some develop MM later in life (18) .
In the present study, we showed that constitutive activation of GP130/JAK/STAT3 signal transduction in a retroviral murine BM transduction-transplantation model was sufficient to induce or facilitate MM development in mice. This model was characterized by very high penetrance and relatively short latency. Importantly, constitutive GP130 activation efficiently cooperated with MYC overexpression by driving cell growth and differentiation of malignant plasma cells. Our data indicate that constitutive GP130 signal transduction is a critical early step in myelomagenesis.
Results

STAT3 phosphorylation and target gene activation is a hallmark of human MM.
Activation of the IL-6/IL-6R/GP130 complex is crucial for survival and proliferation of human myeloma (6, 11, 13) , and the JAK/STAT3 pathway is a major target downstream of IL-6R/GP130 signaling (8, 14) . We therefore evaluated a series of BM biopsies from patients with MM, as well as biopsies from normal BM and MGUS, for expression of phosphorylated STAT3 (P-STAT3) in the ectopic L-GP130 expression could lead to a loss of differentiation and immature hematopoietic disease, or possibly to a plasma cell disorder, when overexpressed in hematopoietic stem/progenitor cells. To test this hypothesis, BM of 5-FU-treated donor mice was infected with L-GP130, WT GP130, or GFP control virus and transplanted into lethally irradiated syngeneic recipients ( Figure 2A ). After stable hematopoietic reconstitution (Supplemental Figure 3A ), we analyzed GP130 and L-GP130 expression and activation of downstream signaling pathways in unselected white blood cells and found increased P-STAT3 as well as P-ERK in the primary L-GP130 graft recipients (Supplemental Figure  3B ). Mice followed for changes in white blood counts and leucocyte lineages showed an increase of GFP + B cells upon ectopic L-GP130 expression, but no significant alterations in B cell subsets (Supplemental Figure 3, C and D) . In vitro experiments revealed that constitutive JAK/STAT3 activation by means of L-GP130 did not provide a growth advantage or protection from IL-7 withdrawal (Supplemental Figure 4) . Thus, L-GP130 overexpression in BM results in activation of GP130 downstream pre-B cell line BA/F3, which lacks GP130 expression (22) , was infected with a retrovirus encoding either WT GP130 or the constitutively active form (L-GP130; ref. 23 and Supplemental Figure  2A ). In contrast to WT GP130-expressing BA/F3 cells, cultures of L-GP130-expressing cells grew independently of IL-3 with moderately reduced growth kinetics (Supplemental Figure 2 , B and C). Furthermore, L-GP130-expressing BA/F3 cells formed colonies when grown in methylcellulose, regardless of growth factor support (Supplemental Figure 2D) . Importantly, in BA/F3 cells, the major IL-6R/GP130 downstream signaling pathway, JAK/ STAT3 (8, 14) , was activated either by ectopic L-GP130 expression or by IL-6 plus soluble IL-6R (sIL-6R) in a dose-dependent manner in the presence of WT GP130 (Supplemental Figure 2E) . Thus, constitutive GP130 activation results in cytokine-independent proliferation, colony formation, and STAT3 phosphorylation in a B cell line in vitro.
Stimulation of WT GP130 as well as L-GP130-mediated STAT3 activation have been shown to suppress differentiation of murine embryonic stem cells (23) . We therefore reasoned that Figure 6 ), as previously described for human MM (26, 27) . In concordance with human MM, all CD138 + cells of primary L-GP130 graft recipients were negative for the B cell marker B220 (Supplemental Figure 6 ). To assess clonality, we subcloned and sequenced IgH rearrangements from individual tumors. Diseased L-GP130 graft recipients contained monoclonal and oligoclonal B cell expansions. Of the 4 mice analyzed, 3 harbored clones with significant somatic mutations (up to 10%), demonstrating a germinal center passage (Supplemental Figure 7) . We signaling pathways and expansion of B cells in vivo, indicating a role of GP130 activation in B cell development, survival, or differentiation, most likely in collaboration with additional stimuli.
To evaluate the functional relevance of constitutive GP130 signaling in vivo, primary L-GP130, GP130, and GFP graft recipient mice were followed for a prolonged time. Starting around 4 months after transplantation, primary L-GP130 graft recipients began to deteriorate in their general condition and were sacrificed in accordance with the endpoints of the study (weight loss >10% body weight, reduced activity, etc.), as defined in the animal ethics vote; their median survival was 203 days ( Figure 2B ). In contrast, primary GP130 and GFP graft recipient controls lived significantly longer without evidence of disease (median survival, 339 and 412 days, respectively; Figure 2B ). Whole-animal necropsy revealed the formation of extramedullar tumors in the Peyer's patches within the gut, reflecting a plasma cell disorder (Figure 2 , C and D). These tumors were not detectable in control GP130 or GFP graft recipients, which eventually succumbed to radiationinduced organ failure, as we observed previously (data not shown Figure 3A and Supplemental Figure 5 ). Corresponding to the focal bone destruction found in human MM, X-ray analysis revealed lytic bone lesions in L-GP130 graft recipients ( Figure 3B ). In further accord with human MM, serum electrophoresis revealed monoclonal spikes and elevated class-switched IgG levels in L-GP130 graft recipients that were not detected in age-matched control GFP or GP130 graft recipients ( Figure 3, C and D) . Notably, these serum changes were also associated with renal disease resembling human cast nephropathy ( Figure 3E ). The morphology of tumor cells resembled human myeloma, with eccentrically located, enlarged nuclei ( Figure  3F ). Immunoblotting revealed overexpression of antiapoptotic proteins ( Figure 3G ). In summary, the L-GP130-induced plasma cell disorder bears all key features of human myeloma with organ damage, including lytic bone lesions, monoclonal gammopathy, and kidney injury.
The syngeneic transplantation-transduction model also allows for testing the ability of established disease from primary BM graft recipients to reestablish myeloma in a secondary recipient. Irradiated secondary syngeneic recipient mice that were transplanted with the BM of primary L-GP130 graft recipients of moderate tumor load and without overt disease deteriorated significantly faster in their general condition compared with the primary recipients. The latency of disease onset was dramatically reduced to a median of 81 days (Supplemental Figure 8A ). Full necropsy followed by histological, flow cytometric, and immunohistochemical analyses revealed a high grade of BM involvement in all serially transplanted mice, with some involvement of the spleen and other organs (Supplemental Figure 8B and data not shown). Again, most tested secondary transplanted mice presented with lytic bone lesions and monoclonal gammopathy (Supplemental Figure 8 , C and D). In vitro cultured BM GFP + CD138 + cells from secondary L-GP130 graft recipients rapidly engrafted in syngeneic nonirradiated tertiary recipients and caused disease with mean latency of 34 days (Supplemental Figure 8, E and F) . Thus, the L-GP130-induced plasma cell disorder is serially transplantable and reflects common features of human myeloma in secondary and tertiary recipients. L-GP130-induced myeloma is sensitive to established myeloma treatments in vitro and in vivo, thereby providing a novel preclinical MM model. To further establish that constitutive GP130 activation represents a model of IL-6-activated MM (11, 14) , we infected the human IL-6-dependent MM line INA-6, which shows IL-6-engaged STAT3 phosphorylation, with L-GP130 and GFP control virus ( Figure 4, A and B) . L-GP130 rendered INA-6 cells cytokine independent and protected them from apoptosis, a finding that correlated with STAT3 phosphorylation (Figure 4, B-E) . Furthermore, treatment with JAK inhibitors (13, 28) blocked STAT3 phosphorylation and caused cell cycle arrest and increased cell death (Figure 4, F and G) . We next investigated our novel L-GP130 MM mouse model in terms of its applicability as a preclinical model for myeloma treatment. Established CD138 + MM cell lines derived Figure 5D ). Again, the treatment effects were comparable to those found in INA-6 cells supported with IL-6. Ex vivo-cultured L-GP130 cells caused rapid disease, including bone destruction and gammopathy, when injected i.v. into syngeneic recipients ( Figure 6A and Supplemental Figure 8E ). Mice bearing tumors caused by i.v. injected L-GP130 myeloma cells were highly sensitive to a single treatment of doxorubicin (10 mg/ kg body weight), as assessed by FDG-PET-CT and serum electrophoresis ( Figure 6, A-C) . Thus, the L-GP130 MM model represents a valuable tool for evaluating novel treatments against myeloma in vitro and in vivo in the preclinical setting. Based on the serial transplantable nature of the disease in our model, applications may also include evaluations of the myeloma-microenvironment interaction, myeloma cell homing, and the myeloma-initiating cell compartment.
Constitutive GP130 signaling collaborates with MYC and is a critical determinant of the plasma cell phenotype. Mouse models allow faithful recapitulation of genetic aberrations that are relevant and of predictive or prognostic importance in human disease (30) . Human MM is characterized by recurrent genetic aberrations, including amplification and translocation of MYC, a negative prognostic marker (5-7). Since L-GP130 induced differentiation into plasma cells in virtually all transplanted mice, we sought to further examine the role of constitutive GP130 signaling with regard to the tumor phenotype. Eμ-Myc transgenic mice develop pro-and pre-B cell lymphomas (17) that stain positive for the B cell marker B220 (31-33). When Eμ-Myc fetal liver cells (FLCs) were infected with retrovirus encoding L-GP130 and transplanted into lethally irradiated syngeneic C57BL/6 recipient mice, we found a dramatic acceleration of disease onset (median, 19 days) compared with recipients of GP130-infected Eμ-Myc FLCs (median, 54 days) and the historic Eμ-Myc control (34) (Figure 7A ), which indicates that MYC and L-GP130 signaling collaborate to induce lymphoid malignancies. Despite comparable engraftment (assessed as GFP + cells), we observed a reduction of GFP + B220
+ cells in basically all organs of diseased L-GP130 graft recipient mice compared with control GP130 graft recipients ( Figure 7B ). Further analysis revealed that constitutive GP130 signaling mediated by L-GP130 caused a shift from B cell lymphoma toward a plasma cell disorder, despite the extremely short latency of disease onset (Figure 7 , A, C, and D). In addition, the expression of antiapoptotic BCL2 family members also shifted from MCL1 toward BCL-X L ( Figure 7E ). Thus, constitutive GP130 signaling appears to induce a plasma cell phenotype in this lymphoma model and also dramatically accelerates disease development, potentially by modulating the expression pattern of antiapoptotic proteins.
Having observed this putative collaboration between transgenic MYC overexpression and enforced GP130/JAK/STAT3 activity by means of L-GP130, we next performed FISH analysis to retrieve Myc aberrations in the primary single L-GP130 myelomas. Of 10 independent tumors analyzed, 2 showed Myc amplifications and 1 an Ig /Myc translocation ( Figure 7F ), genetic features frequently observed in advanced human MM (5, 6). IL-6R subsequently induces phosphorylation and heterodimerization of GP130 and activates the JAK/STAT signaling cascade (8) . Importantly, serum IL-6 and soluble IL-6R are prognostic factors in MM and reflect the proliferative fraction of MM within patients (37, 38) . Previously, the critical role of the GP130/JAK/ STAT axis in MM pathogenesis has been appreciated in different studies. IL-6R superantagonists, including SANT7, revealed strong antimyeloma activity, and ectopic expression of STAT3β, a dominant-negative STAT3 construct, potently induced apoptosis in MM cells (39) . Likewise, BCL-X L , cyclin D, and c-MYC have been identified as critical STAT3-regulated target genes (40) . In the era of small-molecule inhibitors, numerous groups showed the efficacy of JAK inhibitors at inducing growth arrest and cell death (12, 13, 15 
Discussion
In this study, we provided genetic and correlative evidence that signal transduction via the common receptor subunit for the IL-6 family, GP130, constitutes a critical step during MM pathogenesis. Despite recent progress in understanding the molecular pathogenesis of MM, many important questions remain unanswered. New preclinical models, like the L-GP130 MM mouse presented herein, could provide an adequate means of determining the significance of signaling pathways and evaluating treatment approaches. Biology and clinical behavior of MM are determined not only by the genetic background, but also by the BM microenvironment (6, 14) . Bidirectional MM-BM interactions involve IL-6, which is predominantly secreted by BM stromal cells (35) and constitutes a potent growth and survival factor in MM (36) . IL-6 binding to In summary, our present findings established activation of IL-6/IL-6R downstream signaling as an early event in MM pathogenesis. Constitutive activation of GP130 downstream signaling in mice was sufficient to reproducibly induce a disease strongly resembling human MM. Importantly, GP130-dependent signal transduction critically modulated MYC-driven oncogenesis by regulating plasma cell differentiation and survival. Serial transplantability of myeloma cells not only simplified its application, but also provided evidence for a myeloma-initiating cell compartment. Finally, our L-GP130 MM mouse model displayed virtually all clinically relevant features of the human disease, thereby representing a valuable preclinical tool.
Methods
Cell culture and colony formation assay. BA/F3 cells were obtained from DSMZ and cultured in RPMI (Gibco) with 10% FCS (PAA Laboratories) and 1% penicillin/streptomycin (Gibco), with or without 2 ng/ml IL-3 (R&D Systems). The human MM cell lines NCI-H929, JJN3, U266, and OPM2 were obtained from DSMZ, and INA-6 and ANBL-6 cells were gifts from M. Gramatzki (Christian-AlbrechtsUniversity, Kiel, Germany) and D.F. Jelinek (Mayo Clinic, Rochester, Minnesota, USA). INA-6, ANBL-6, and NCI-H929 cells were cultured in RPMI 1640 supplemented with 20% FCS, 1% penicillin/streptomycin, 2 mM l-glutamine, and 50 μM 2-β mercaptoethanol. U266, OPM2, and JJN3 cells were grown in RPMI 1640 with 10% FCS and 1% penicillin/streptomycin. IL-6-dependent cell lines (INA-6 and ANBL-6) were maintained in medium supplemented with 2 ng/ml IL-6 (R&D Systems). L-GP130 myeloma cells were established from single-cell suspensions of tumors arising in L-GP130 graft recipient mice. Myeloma cells were cocultured on stromal cells (cell line EL08-1D2; ref. 29) in RPMI (Gibco) supplemented with 10% FCS (PAA Laboratories), 1% penicillin/streptomycin (Gibco), 1% l-glutamine (Gibco), 0.1% mercaptoethanol (Gibco), and 10 ng/ml IL-7 (mIL-7; R&D Systems). When steady growth conditions were achieved, myeloma cells were deprived of EL08-1D2 cells and IL-7. Primary BM cells were cultured on S17 stromal cells as described previously (51) . Phoenix ecotropic helper-free retroviral producer cells (provided by G. Nolan, Stanford University Medical Center, Stanford, California, USA) and NIH/3T3 cells (DSMZ) were maintained in DMEM (Gibco) supplemented with 10% FCS. Colony formation analysis was performed in MethoCult M3234 (STEMCELL Technologies) at 37°C with 5% CO 2 and scored after 7 days.
GP130-and L-GP130-expressing BA/F3 cells were treated with IL-6 (1 ng/ml up to 10 ng/ml) and sIL-6R (100 ng/ml up to 1,000 ng/ml). In vitro treatment of L-GP130-derived myeloma cell lines was performed with 100 μg/ml melphalan (GlaxoSmithKline), 100 μg/ml doxorubicin (Adrimedac), 200 nM bortezomib (Janssen), or 20 nM carfilzomib (SelleckChem). INA-6 cells were treated with 10 nM ruxolitinib (SelleckChem) or 50 nM CYT387 (SelleckChem).
Plasmids. L-GP130, the constitutively active form of GP130, was described previously (23) . MSCV-L-GP130-IRES-GFP (or MSCV-GP130-IRES-GFP) was cloned by digesting the MSCV-IRES-GFP plasmid with EcoRI and BglII (Fermentas) following a PCR for L-GP130 (or GP130) with primers containing overhangs for EcoRI and NcoI restriction (Omniscript RT Kit; Qiagen). Ligation was performed using the Quick T4 DNA Ligase (New England Biolabs).
MM showed that constitutive GP130 activation, in collaboration with other events, was sufficient to reproducibly induce MM. The L-GP130 MM model thus represents a valuable tool with which to further investigate this clinically relevant signal transduction pathway in vivo.
Several genetically defined mouse models of MM have recently been generated. These models are characterized by low penetrance and/or late disease onset (4, 16, 18) . The L-GP130 MM model circumvents several of these limitations. In particular, our model is characterized by high penetrance and short latency, as well as easy transplantability of tumor cells into syngeneic recipients. These features make it a suitable tool for preclinical in vivo drug studies, for investigating the tumor-niche interaction and MM homing, and for studying new genes with regard to their effect on disease initiation and progression. At the same time, the L-GP130 MM model closely resembles the human disease. Key characteristics of human MM that are present in our L-GP130 MM model include lytic bone destruction, monoclonal gammopathy, and Ig deposition in the kidney. In addition, the finding that STAT3 activation, the likely driving pathway of tumor development upon constitutive GP130 signaling, is a hallmark of human MM (present study and refs. 43, 44) makes our L-GP130 MM model an interesting tool with which to study this subentity of human MM.
Antiapoptotic BCL2 family members are targets of STAT3 and frequently overexpressed in MM (40, 45) . We found a shift of expression from antiapoptotic MCL1 (in reconstituted premalignant or diseased mice when WT GP130 virus was used to infect Eμ-Myc FLCs) toward the expression of BCL2 and BCL-X L (in mice reconstituted with L-GP130-infected hematopoietic stem cells). In precancerous Myc-transgenic B cells, both BCL2 and BCL-X L are suppressed (46) , whereas transgenic coexpression of BCL-X L with MYC results in murine plasma cell tumors (47) . It is thus conceivable that constitutive activation of STAT3 and subsequent BCL-X L expression overcomes MYC-induced BCL-X L suppression and results in dramatic acceleration of MM onset in the L-GP130-infected Eμ-Myc mouse. Likewise, the IL-6 downstream effector molecule STAT3 is a key regulator of c-MYC expression in numerous cell types, including MM cells, leading to upregulation of c-MYC even in the absence of MYC translocations (48) .
The tumor cell phenotype CD138 + B220 -found in our present studies closely resembled what is seen in human MM (CD138 + CD20 -). Human CD138 + MM cells, unlike CD138 -cells, can proliferate and induce lytic bone lesions when transplanted into SCID-hu or SCID-rab immunodeficient mice (49) . We showed that constitutive GP130 activation was indeed sufficient to overcome the common B220 + pro-and pre-B cell phenotype that usually occurs in Eμ-Myc transgenic mice (17) . Genetic Myc alterations seem to be a secondary event in murine MM pathogenesis (50) . This finding is supported by our current data showing dramatically accelerated onset of a CD138 + B220 -plasma cell disorder when constitutive GP130 signaling collaborates with B cell-targeted MYC overexpression. Accordingly, our analysis of primary L-GP130 myelomas revealed acquired genomic Myc aberrations. Thus, the L-GP130 MM model seems to accurately recapitulate human MM, in which where MYC aberrations are clearly considered secondary genetic events that lower the probability of long survival (4-7). jci.org
Volume 124 Number 12 December 2014 ERK1/2 (Cell Signaling), anti-P-ERK1/2 (Cell Signaling), anti-p53 (Cell Signaling), anti-BCL-X L (Cell Signaling), anti-cleaved caspase 3 (Cell Signaling), anti-monoubiquitinylated and anti-polyubiquitinylated conjugates (Enzo Lifescience), anti-β-actin (Sigma-Aldrich), anti-MCL1 (Santa Cruz Biotechnology Inc), anti-BCL2 (BD Pharmingen). Serum protein electrophoresis was performed on an Elphoscan ES2000 Plus device (Sarstedt). Briefly, 25 μl mouse serum was applied to a cellulose acetate strip. After separation, the resulting protein fractions were stained with Ponceau S and quantified by densitometric scanning. Quantitative determination of serum IgG, IgM, and IgA levels was performed by ELISA using a SBA Clonotyping System/AP (SouthernBiotech).
Histological analyses, cytology, immunohistochemistry, and FISH. Mouse organ tissue samples were fixed in formalin for 24 hours and embedded in paraffin. 2-μm sections were deparaffinized, dehydrated, and stained with H&E (DAKO). Immunohistochemistry was performed as described previously (33). The following antibodies were used: anti-B220 (Pharmingen, BD Bioscience), anti-CD138 (Pharmingen), anti-CD3 (DCS), anti-Ki67 (Neomarkers, Thermo Fisher Scientific), anti-Igκ light chain (DAKO), anti-Igλ light chain (DAKO). Ex vivo-cultured myeloma cells were subjected to cytospin, air dried, incubated with Pappenheim staining solution, and washed with aqua dest.
EDTA-decalcified, paraffin-embedded BM trephine biopsies of MM patients were obtained from the archive of the Institute of Pathology and Neuropathology, University Hospital Tübingen. Cases with >20% plasma cell infiltrate were incorporated into a tissue array by transferring tumor-containing areas of the biopsy into a recipient block with predrilled holes. Immunohistochemical double staining for P-STAT3 and the plasma cell marker CD138 was performed on an automated immunostainer (Ventana Medical Systems) following the manufacturer's protocols, with modifications. In brief, nuclear P-STAT3 was detected with the P-STAT3 Tyr 705 antibody (Cell Signaling Technology), using DAB as chromogen, followed by incubation with anti-CD138 (DAKO) and detection with Fast Red chromogen (DAKO). Staining of endothelial cells served as internal positive control. Clear-cut nuclear positivity for P-STAT3 in >10% of CD138 + tumor cells was considered positive for STAT3 activation. Cases with absence of endothelial cell nuclear staining or lack of sufficient tumor cells for evaluation were excluded from analysis. For FISH analysis, 2-μm-thick unstained histological sections were deparaffinized. Antigen retrieval was performed by heating the slides in a pressure cooker for 5 minutes in citrate buffer (pH 6). After washing, slides were incubated with Pronase E (0.05%; SigmaAldrich) at 37°C for 8 minutes. Next, the slides were fixed in 4% paraformaldehyde for 5 minutes. Denaturation was performed by incubating the slides in 70% formamide/SSC (Sigma-Aldrich) for 15 minutes. After dehydration, FISH probes (c-MYC-dig and IgH-biotin; Cegat) were added to the tissue microarray slides and incubated overnight at 37°C. Probes were detected by incubation with Cy3-conjugated rabbit anti-dig (Molecular Probes) and FITC-conjugated rabbit streptavidin (Roche) secondary antibodies. Stringency washes were then performed by heating the slides in 2× SSC with 0.3% NP40, and slides were mounted with Vectastain DAPI Mounting Medium (Vector Laboratories). FISH analysis was performed using a fluorescence microscope equipped with a triple bandpass filter set. Signals were scored manually (×100 oil immersion objective). the AnnexinV Apoptosis Detection Kit APC (eBioscience) was used according to the manufacturer's instructions. BrdU cell cycle analysis was performed using the BrdU labeling kit according to the manufacturer's instructions (BD Biosciences). Data were acquired on a FACSCanto II flow cytometer (BD) or a Cyan ADP Lx P8 (Coulter-Cytomation). FlowJo Software (Tree Star Inc.) was used for data analysis.
Immunoblotting, serum electrophoresis, and ELISA. Cell lysis for immunoblotting was performed with lysis buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 0.1% Tween-20 (all from Sigma-Aldrich), and protease inhibitors (Roche) followed by sonication (33). After SDS-PAGE, proteins were transferred to PVDF membranes (Millipore Corp.) and probed with antibody. The following antibodies were used: anti-GP130 (Santa Cruz Biotechnology Inc.), anti-c-MYC (Santa Cruz Biotechnology Inc.), anti-STAT3 (Cell Signaling), anti-P-STAT3 (Cell Signaling), anti-Gene expression analysis. Expression of STAT3 target genes was analyzed in 2 previously published MM datasets (GEO accession nos. GSE2658 and GSE26760; refs. 20, 21) . Following standard data normalization and filtering (54), a previously reported STAT3 activation-associated gene expression signature was retrieved from the respective datasets (19) . Based on the overlapping STAT3 activation signature, data were then clustered using average linkage hierarchical clustering, and results were visualized using Treeview as previously reported (54) . Oncomine-derived expression data were analyzed by Student's t test directly with Oncomine 4.4.3 software (www.oncomine.org).
GSEA was performed across the list of genes ranked by t statistic as previously reported (55) , using the GSEA online version accessible through the GenePattern tool (http://www.broadinstitute.org/cancer/ software/genepattern/).
PET-CT and X-ray analysis. FDG (2-deoxy-2-[
18 F]fluoro-d-glucose) was obtained from the radiopharmacy unit of Technische Universität München (56) and administered via tail vein injection (100 μl) at an activity dose of 5-10 MBq per mouse. Radiotracer accumulation in the tumor was allowed for 60 minutes. Imaging was performed using a μPET-CT system (Inveon; SIEMENS Preclinical Solutions) with a 15-minute static acquisition. X-ray analysis was performed using a Mammomat 3000 system (Siemens AG).
Analysis of IgH rearrangements. See Supplemental Methods. Statistics. Statistical analyses were performed using the statistical functions of Excel (Microsoft) or GraphPad Prism (GraphPad Software). Graphical data are presented as mean ± SD or mean ± SEM. For continuous variables, statistical analyses were performed using unpaired t test or Mann-Whitney test; for categorical variables, Fisher exact test or χ 2 test was performed. Outcome data were visualized by Kaplan-
